The Gram-negative opportunistic pathogen Pseudomonas aeruginosa has distinct 38 genetic programs that favor either acute or chronic virulence gene expression. Acute virulence 39 is associated with twitching and swimming motility, expression of a type III secretion system 40 (T3SS), and the absence of alginate, Psl, or Pel polysaccharide production. Traits associated 41 with chronic infection include growth as a biofilm, reduced motility, and expression of a type VI 42 secretion system (T6SS). The Rsm post-transcriptional regulatory system plays an important 43 role in the inverse control of phenotypes associated with acute and chronic virulence. RsmA and 44 RsmF are RNA-binding proteins that interact with target mRNAs to control gene expression at 45 the post-transcriptional level. Previous work found that RsmA activity is controlled by at least 46 three small, non-coding regulatory RNAs (RsmW, RsmY, and RsmZ). In this study, we took an 47 in-silico approach to identify additional sRNAs that might function in the sequestration of RsmA 48 and/or RsmF and identified RsmV, a 192 nt transcript with four predicted RsmA/RsmF 49 consensus binding sites. RsmV is capable of sequestering RsmA and RsmF in vivo to activate 50 translation of tssA1, a component of the T6SS, and to inhibit T3SS gene expression. Each of 51 the predicted RsmA/RsmF consensus binding sites contribute to RsmV activity. Electrophoretic 52 mobility shifts assays show that RsmF binds RsmV with >10-fold higher affinity than RsmY and 53 RsmZ. Gene expression studies revealed that the temporal expression pattern of RsmV differs 54 from RsmW, RsmY, and RsmZ. These findings suggest that each sRNA may play distinct roles 55 in controlling RsmA and RsmF activity.
145
RsmA His formed high affinity binding products with RsmV (K eq 14 nM) and two distinct binding 146 complexes were evident (Fig. 3A) . Those products could reflect binding of multiple RsmA His 147 dimers or differential interactions with multiple sites on the RsmV probe. RsmF also bound the 148 RsmV probe with high affinity (K eq 2 nM), but only a single binding complex was detected (Fig. 
149
3A).
150
With evidence that both RsmA and RsmF interact with RsmV we next examined whether 151 RsmV can sequester RsmA/RsmF in vivo. RsmA and RsmF have inverse effects on expression 152 of the type VI (T6SS) and type III (T3SS) secretion systems (13) . We used the previously 153 described P tssA1'-'lacZ translational reporter as surrogate for regulatory control of T6SS (13) and 154 P exsD-lacZ transcriptional reporter as marker for the T3SS (30). RsmA/RsmF directly bind the 155 tssA1 leader region to inhibit translation (12, 13) and positively regulate T3SS gene expression 156 through a mechanism that remains to be defined (13) . In a mutant lacking rsmV, rsmY, and 7 these findings are consistent with RsmV serving a role in RsmA/RsmF sequestration. When 161 compared to the previously identified sequestering RNAs RsmW, RsmY, and RsmZ (13, 31) ,
162
RsmV demonstrated activity comparable to RsmY when using the P tssA1'-'lacZ reporter (Fig. 3B) 163 and had the strongest inhibitory activity for the P exsD-lacZ reporter (Fig. 3C ).
164
To determine whether RsmV preferentially sequesters either RsmA or RsmF, the P tssA1'-165 'lacZ translational reporter was introduced into ∆rsmAVYZ and ∆rsmFVYZ mutant backgrounds.
166
RsmA is more active than RsmF resulting in stronger repression of P tssA1'-'lacZ reporter activity in 167 the ∆rsmFVYZ mutant when compared to the ∆rsmAVYZ background for strains carrying the 168 vector control (pJN105) ( Fig. 4A 
173
RsmF and appears to lack strong preference for one vs the other under the conditions tested.
174
Contribution of GGA sites 2, 3, 5 and 6 to RsmV activity. The RsmV primary 175 sequence contains six GGA sequences, four of which (GGA2, 3, 5, and 6) may be presented in 176 the loop portions of stem-loop structures ( Fig. 1A) . To determine which GGA sites are important 177 for RsmV regulatory activity each of the GGA sequences in stem-loop structures was changed 178 to CCU. The activity of each mutant RNA was tested using the P tssA1'-'lacZ translational and P exsD-179 lacZ transcriptional reporters. The GGA4 and GGA6 mutant RNAs demonstrated a significant loss 180 of regulatory activity for the P tssA1'-'lacZ translational reporter when compared to wt RsmV (Fig. 
181
5A). In contrast, each of the GGA sites was required for full regulatory control of the P exsD-lacZ 182 transcriptional reporter (Fig. 5B ). The most likely explanation for the differential requirement for 183 the GGA2 and GGA5 sites is that the P exsD-lacZ reporter is more sensitive to changes in RsmA 184 availability relative to the P tssA1'-'lacZ reporter.
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The simplest interpretation of the reporter findings is that the mutant RNAs with altered 186 activity have reduced capacity to sequester RsmA/RsmF. To test this prediction, binding assays 187 were performed with radiolabeled RNA probes. RsmA bound each of the single GGA 188 substitution mutants with affinities similar to or greater than wt RsmV (Fig. 5C, Table 1, Fig. S1 ).
189
Whereas two distinct products are formed upon RsmA binding to the wt, GGA2, and GGA5 190 probes, only a single product was observed for the GGA3 and GGA6 probes. This is noteworthy 191 as the mutant GGA3 and GGA6 RNAs also demonstrated a defect in activation of the P tssA1'-'lacZ 192 translational reporter ( Fig. 5A ). RsmF also bound each of the mutant probes with high affinity,
193
with the exception of GGA6, which was significantly reduced ( Fig. 5D , Table 1 , Fig. S1 ). Given
194
that RsmA and RsmF are homodimers with two RNA binding sites (one from each monomer),
195
and that each mutant RNA still has three potential GGA interaction sites, high affinity binding to 196 the mutant probes was not unexpected. We thus generated a probe bearing CCU substitutions 197 at all four sites (Quad) and found that RsmA (K eq >27 nM) and RsmF (K eq >243 nM) were RsmV, which may result in RNA levels that exceed the native level expressed by cells under 203 physiologically relevant conditions. To address the effect of RsmV expressed at native levels on 204 the output of the Rsm system we generated an in-frame rsmV deletion mutant (∆rsmV) and 205 measured P exsD-lacZ reporter activity. When compared to wt cells, the ∆rsmV demonstrated a 206 modest but significant increase in reporter activity (Fig. 6A ). This increase in reporter activity is 207 consistent with reduced sequestration of RsmA and/RsmF, both of which have a positive effect 208 on T3SS gene expression. By comparison, P exsD-lacZ reporter activity is also elevated in an 209 ∆rsmYZ double mutant. The higher level of reporter activity in the ∆rsmYZ mutant is consistent 9 with the data presented in Fig. 3C showing that RsmY and RsmZ each have stronger effects on 211 activation of P exsD-lacZ reporter activity relative to RsmV.
212
A second approach to test the relevance of RsmV in vivo involved precipitation 213 experiments with histidine-tagged RsmA or RsmF. A ∆rsmAF double mutant transformed with 214 either RsmA His or RsmF His expression plasmids was cultured to mid-log phase and then rapidly 215 subjected to precipitation with Ni 2+ -agarose beads and isolation of bound RNA. The presence of RsmF. We hypothesized that differential expression of the RNAs might allow cells to fine-tune 225 the output of the Rsm system. To test for differential expression, RNA samples were collected 226 from cells cultured to OD 600 readings of 0.5 (early log phase), 1.0 (mid-log phase), 2.0, 5.0, and 227 7.0 (late stationary phase). The amount of each RNA detected by qRT-PCR at early log phase 228 was normalized to 1.0 and the reported values for each subsequent time point are relative to 229 those values ( Fig. 7) . Both RsmY and RsmZ showed a transient increase in expression at mid-230 log phase, followed by a decrease at OD 600 readings of 2.0 and 5.0, and then a significant 231 increase in late stationary phase (OD 600 7.0) The expression pattern for RsmW was delayed 232 until the OD 600 reached 2.0 but demonstrated the highest fold changes in expression at OD 600 233 2.0 and 5.0, and then approached the fold changes observed for RsmY and RsmZ at OD 600 7.0.
234
By contrast, RsmV demonstrated a slow but steady increase throughout the growth curve but 235 was the least dynamic of the four RNAs. The observed differences in expression patterns are 10 consistent with the hypothesis that the sRNAs may serve distinct roles in RsmA/RsmF 237 sequestration based upon their timing of expression.
238
One mechanism to account for the differential expression of RsmV, RsmW, RsmY, and 239 RsmZ is by distinct transcription factors. Transcription of rsmY and rsmZ is controlled by the 240 GacAS two component system (20) . A previous study found that GacAS does not control rsmW 241 transcription (31). To determine whether rsmV transcription is regulated by GacA, a P rsmV-lacZ 242 transcriptional reporter was integrated at the FCTX phage attachment site of wt cells and a 243 ∆gacA mutant. Whereas P rsmY-lacZ and P rsmZ-lacZ reporter activity demonstrate strong gacA-244 dependence, P rsmV-lacZ activity showed no difference between wildtype and the gacA mutant ( 
258
CsrC has a structure similar to CsrB but with fewer GGA motifs (34). McaS is an sRNA that 259 basepairs with some mRNAs involved in curli and flagella synthesis and can also sequester also function in the sequestration of CrsA (36).
262
The relative activities of RsmV, RsmW, RsmY, and RsmZ were compared by expressing 263 each sRNA from an arabinose-inducible expression vector. Plasmid expressed RsmV activated 264 P tssA1'-'lacZ reporter activity and inhibited P exsD-lacZ reporter activity ( Fig. 3B-C) . RsmV had activity 265 comparable to RsmY for activation of the P tssA1'-'lacZ reporter activity and the strongest effect on 266 activation for P exsD-lacZ reporter activity. RsmA and RsmF both bind to RsmV with high affinity in 267 vitro (Fig. 3A) , and the affinity of RsmF for RsmV is at least 10-fold higher than for RsmY and 268 RsmZ (12, 13) . Although the affinity of RsmF for RsmV is higher in vitro, RsmV does not seem 269 to show preferential activity towards RsmF over RsmA in vivo (Fig. 4) . The reason for this is 270 unclear but may reflect differences between the in vitro and in vivo binding conditions. A 271 difference between in vitro and in vivo conditions was also evident when the RsmV GGA 272 mutants were examined. Whereas each of single GGA substitution mutants demonstrated 273 altered regulatory control of P exsD-lacZ and/or P tssA1'-'lacZ reporter activity ( Fig. 5A-B) , the binding 274 affinity of RsmA and RsmF was relatively unaffected by the single GGA substitutions (Table 1) .
275
A similar trend was observed in a previous mutagenesis study of RsmY and RsmZ wherein the 276 in vivo activity did not strictly correlate with in vitro binding (37). It was speculated that other 277 RNA binding proteins, such as Hfq, may prevent binding to suboptimal sites in vivo.
278
RsmV activity is clearly evident when expressed from a plasmid (Fig. 3) . A role for RsmV 279 when expressed at native levels from the chromosome was also detected. Deletion of rsmV 280 resulted in a modest but significant increase in T3SS reporter activity ( Fig. 6A ) and co-281 purification experiments found that RsmV interacts with RsmA and RsmF (Fig. 6B ). Both of 282 these findings suggest that RsmV can compete with RsmY and RsmZ for RsmA/RsmF binding 283 in wt cells (Fig. 6B ). Unclear is whether conditions exist where rsmV transcription is elevated 284 and might result in more pronounced phenotypes. Transcription of rsmY and rsmZ is directly 285 controlled by the GacA/S two-component system, a highly conserved system in Gamma-12 proteobacteria (20, 38, 39) . GacS is a sensor kinase whose activity is controlled by two orphan 287 kinases, . Additional regulators interact with and alter the effect of RetS 
294
MgtE, a magnesium transporter, was shown to alter rsmY and rsmZ transcription, yet a 295 mechanism of action is yet to be defined (25).
296
Neither rsmV nor rsmW are under positive transcriptional control of the GacAS system 297 (31) (Fig. S2 ). GacA may repress rsmW transcription through an indirect mechanism (30).
298
RsmW expression appears to be highest during stationary phase in minimal media, which may 
331
pRsmV vectors bearing single GGA to CCT substitutions, or various combinations therefore,
332
were assembled using the Gibson method from gene blocks listed in Table 2 and cloned into 333 the NruI and PvuI sites of pJN105 as outlined in Table 3 . The rsmV transcriptional reporter 334 (primer pair 150592489-150592490) includes 500 nucleotides upstream of the rsmV 335 transcription start site. The rsmV reporter was integrated into the CTX phage attachment site in 336 WT and gacA strains. 14 b-Galactosidase Assays. PA103 strains were grown overnight at 37ºC in LB containing 338 80 µg/ml gentamicin as required. The next day strains were diluted to an absorbance (A 600 ) of 339 0.1 in tryptic soy broth (TSB) for measurement of tssA1'-'lacZ reporter activity or TSB 340 supplemented with 100 mM monosodium glutamate, and 1% glycerol for measurement of P exsD-341 lacZ reporter activity. Arabinose (0.4%) was also added to induce rsmV expression from the P BAD 342 promoter. The cultures were incubated at 37ºC and harvested when the A 600 reached 1.0. β-343 galactosidase activity was assayed with the substrates ortho-nitrophenyl-galactopyranoside 344 (ONPG) as previously described (51) 
